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Structural Adaptations in the Specialized
Bacteriophage T4 Co-Chaperonin Gp31
Expand the Size of the Anfinsen Cage
John F. Hunt,* Saskia M. van der Vies,² major capsid protein from bacteriophage T4, represents
a singular exception to this paradigm of promiscuity inLisa Henry,* and Johann Deisenhofer*
that it requires the replacement of GroES by Gp31, a*Howard Hughes Medical Institute and
specialized co-chaperonin encoded by the bacterio-Department of Biochemistry
phage (Laemmli et al., 1970; Doermann and Simon, 1984;The University of Texas Southwestern
van der Vies et al., 1994).Medical Center
The mechanism of GroEL/GroES-assisted proteinDallas, Texas 75235±9050
folding has been the subject of extensive investigation²DeÂ partement de Biochimie MeÂdicale
(Ellis, 1996; Hartl, 1996; Lorimer, 1996). It has been sug-UniversiteÂ de GeneÁve
gested that the GroEL/GroES complex may assist pro-1211 GeneÁve 4
tein folding using more than one mechanism in parallelSwitzerland
(Schmidt et al., 1994; Todd et al., 1994; Corrales and
Fersht, 1996). However, so far only one mechanism has
substantial support from in vitro biochemical studiesSummary
(Mayhew et al., 1996; Weissman et al., 1996; Hayer-Hartl
et al., 1996). This mechanism involves the encapsulationThe Gp31 protein from bacteriophage T4 functionally
of the non-native polypeptide substrate in the so-calledsubstitutes for the bacterial co-chaperonin GroES in
``Anfinsen cage'' (Saibil et al., 1993; Ellis, 1994), i.e., theassisted protein folding reactions both in vitro and
cavity formed within the hollow core of one heptamericin vivo. But Gp31 is required for the folding and/or
GroEL cylinder when capped by the GroES dome (Saibilassembly of the T4 major capsid protein Gp23, and
et al., 1991; Langer et al., 1992; Roseman et al., 1996).this requirement cannot be satisfied by GroES. The
Kinetic analyses have shown that protein folding can2.3 AÊ crystal structure of Gp31 shows that its tertiary
proceed passively within this cavity for at least someand quaternary structures are similar to those of
substrates (Weissman et al., 1995; Walter et al., 1996),GroES despite the existence of only 14% sequence
suggesting that the major purpose of the chaperoninidentity between the two proteins. However, Gp31
complex may be to provide a chemically sequesteredshows a series of structural adaptations which will
environment where folding to the native state can pro-increase the size and the hydrophilicity of the ``Anfin-
ceed without interference from the reservoir of aggrega-sen cage,'' the enclosed cavity within the GroEL/
tion-prone species in the crowded molecular environ-GroES complex that is the location of the chaperonin-
ment of the cell (Ellis, 1994). Such a passive reaction
assisted protein folding reaction.
mechanism is consistent with the established molecular
promiscuity of the chaperonins.
Introduction The interaction between GroEL and GroES is medi-
ated primarily by the mobile loop of GroES, a 16-residue
The chaperonin 60 (Cpn60 or GroEL) and its functional segment that extends from the lower outer rim of the
partner the co-chaperonin 10 (Cpn10 or GroES) cooper- heptameric dome of GroES (Tilly and Georgopoulos,
ate to assist the folding and assembly of other proteins 1982; Landry et al., 1993; Zeilstra-Ryalls et al., 1996).
(Hemmingsen et al., 1988; Ellis, 1996; Hartl, 1996). These Nuclear magnetic resonance (NMR) spectroscopy shows
essential proteins (Fayet et al., 1989) are found in the that this segment is dynamically disordered in GroES
eubacterial cytoplasm and in the matrix of mitochondria free in solution but becomes ordered upon binding to
and chloroplasts. GroEL is an ATPase whose 60 kd sub- GroEL (Landry et al., 1993). This binding is accompanied
units form a tetradecamer characterized by a double- by a major conformational change in the apical domains
cylinder structure with a hollow core (Hendrix, 1979; of GroEL (Chen et al., 1994; Roseman et al., 1996) that
Hohn et al., 1979); this complex possesses 7-fold sym- switches them from a high-affinity state to a low-affinity
metry around its central cylinder axis and 2-fold symme- state for interaction with non-native polypeptide sub-
try around a set of axes running through its equatorial strates (Weissman et al., 1995; Yifrach and Horovitz,
midplane (Braig et al., 1994). The 10 kd subunits of 1996). In addition to comprising the lid of the Anfinsen
GroES (Tilly et al., 1981; Chandrasekhar et al., 1986) cage in the chaperonin complex, the co-chaperonin
form a heptamer with a dome-like structure (Hunt et al., GroES modulates the cooperativity of the GroEL ATPase
1996; Mande et al., 1996). One of the hallmarks of the (Gray and Fersht, 1991; Yifrach and Horovitz, 1994; Todd
chaperonin-assisted protein-folding reaction is its mo- et al., 1994). GroES may coordinate the conformational
lecular promiscuity (Viitanen et al., 1992; Horwich et al., transition in GroEL by simultaneously delivering seven
1993); in concert with adenine nucleotides, GroEL and mobile loops for interaction with the seven subunits on
GroES assist folding in a reaction that is independent one ring of the GroEL tetradecamer, thereby synchroniz-
of the sequence or structure of the substrate protein. ing the release of the non-native polypeptide substrate
This promiscuity has allowed bacteriophages such as into the interior of the Anfinsen cage (Landry et al., 1993;
l (Sternberg, 1973; Georgopoulos et al., 1973) and T5 Todd et al., 1994; Weissman et al., 1995).
(Zweig and Cummings, 1973) toemploy the host chaper- The Gp31 protein of bacteriophage T4 (Castillo and
onin machine for the folding of their own protein struc- Black, 1978; Nivinskas and Black, 1988; Keppel et al.,
1990) is a functional co-chaperonin that is specializedtures. However, the GroEL-assisted folding of Gp23, the
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Figure 1. Electron Density Maps
(A) Electron density map (Jones et al., 1991)
obtained by iterative solvent flattening (with-
out NCS averaging) starting with the initial
molecular replacement phases. The back-
bone trace of the molecular replacement
search model is shown in yellow. There is a
single Gp31 heptamer in the crystallographic
asymmetric unit.
(B) The SIGMA-A (Read, 1986) weighted
(2Fo-Fc) map from the refined model. The
phosphate zipper holding together themobile
loop cage is shown in a view looking down
the 7-fold symmetry axis. The crystallo-
graphic 2-fold axis runs parallel to the plane
of the page.The electron density for thephos-
phate anions is highlighted in red.
to promote the folding/assembly of the T4 major capsid Zeilstra-Ryalls et al., 1993) show that this interaction is
mediated by a mobile loop segment in Gp31. However,protein Gp23 during bacteriophage morphogenesis
(Laemmli et al., 1970; Georgopoulos et al., 1972; Takano the absolute requirement of Gp31 for the correct folding
of the Gp23 capsid protein in vivo (Laemmli et al., 1970;and Kakefuda, 1972). While Gp31 functionally substi-
tutes for GroES in assisted protein folding reactions Georgopoulos et al., 1972; Takano and Kakefuda, 1972)
indicates that Gp31 possesses specific co-chaperoninboth in vitro and in vivo in Escherichia coli (van der
Vies et al., 1994), wild-type T4 cannot propagate in the properties that are absent in GroES (van der Vies et al.,
1994).absence of Gp31 (Laemmli et al., 1970). The requirement
of Gp31 for the folding of Gp23 and not other bacterio- The role of Gp31 in bacteriophage morphogenesis
was first reported by Laemmli et al. (1970) who observedphage proteins is established by the existence of Gp31
bypass mutations that map to the Gp23 locus and allow that temperature-sensitive mutations in gene 31 of T4
(Gp31) prevent capsid formation and lead to the accu-T4 to propagate in the presence of either GroEL muta-
tions or Gp31 mutations that would otherwise block its mulation of amorphous lumps of the major capsid pro-
tein Gp23 in the cytoplasm. These lumps can be ``dis-growth (Doermann and Simon, 1984; Simon and Ran-
dolph, 1984). solved'' and the protein in them can be incorporated
into morphologically normal bacteriophage heads fol-The Gp31 monomer is similar in length to the GroES
monomer (111 versus 97 residues), but there is only 14% lowing a shift to the permissive temperature for Gp31
function. Subsequently, mutations inGp31 were isolatedamino acid identity between the two protein sequences
(Koonin and van der Vies, 1995). In vitro biochemistry as suppressors of GroEL mutations in the bacterial host
which prevent bacteriophage growth (Georgopoulos et(van der Vies et al., 1994) and averaged cryo-EM side
views (S. Chen, S. M. van der Vies, and H. R. Saibil, al., 1972; Takano and Kakefuda, 1972). These studies,
establishing a genetic interaction between GroEL andpersonal communication) suggest that the Gp31 hep-
tamer interacts with GroEL ina manner that is mechanis- the known morphogenetic factor Gp31, presented the
first direct evidence for the involvement of GroEL in atically and morphologically equivalent to that of GroES,
while NMR spectroscopy (Landry et al., 1996) and ge- protein assembly process. The role of GroEL as a gen-
eral molecular chaperone was proposed 16 years laternetic complementation analysis (Keppel et al., 1990;
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Table 1. Gp31 Crystallography
Space group P42212 Unit cell parameters at 130 K: 157.7 3 157.7 3 90.9 AÊ (908, 908, 908)
Data collection statistics at 20.0→2.3 AÊ
Rsym 10.8% (I $ 2sI for individual observations)
mean redundancy 6.1
completeness 85% (I $ sI for merged reflections)
mean I/sI 10.6
Refinement statistics at 20.0→2.3 AÊ , I $ sI
Rfree 25.5%
Rwork 22.9%
Model contents
number of protein residues 749
number of phosphate ions 17.5*
number of potassium ions 10.5*
number of water molecules 469
Model quality
bond length deviation (rms) 0.012 AÊ
bond angle deviation (rms) 1.6 AÊ
Ramachandran distribution 90% core
10% allowed
Standard definitions are used for all of the parameters (Drenth, 1994). The values for the data collection statistics come from SCALEPACK
(Otwinowski and Minor, 1997), and the values for the refinement and geometric statistics come from X-PLOR (Brunger, 1992b). The Ramachan-
dran analysis was performed with PROCHECK (Laskowski et al., 1993). The mean value of (I/sI) was 1.9 in the limiting resolution shell, which
is 86% complete for all measured reflections and 42% complete for reflections with I $ 2sI. A separation of 4.7% (25.8% versus 21.1%) was
observed between the free (Brunger, 1992a) and working crystallographic R-factors prior to the incorporation of low-resolution data (20±6 AÊ )
into the refinement, indicating that the close separation of the final values of these parameters is attributable to the irregular distribution of
total diffraction intensity as a function of resolution rather than to bias introduced by noncrystallographic symmetry (Kleywegt and Brunger,
1996).
*The fractional numbers result from ions that are located directly on a 2-fold crystallographic symmetry axis in the unit cell.
(Hemmingsen et al., 1988) based on the observation of of 55%, which was progressively increased to the final
sequence homology between GroEL and the RuBisCO value during the course of theprocedure. This procedure
binding protein, a chloroplast protein required for the yielded the map shown in Figure 1A) in which electron
assembly of the abundant oligomeric enzyme RuBisCO. density corresponding to the mobile loops of Gp31
(which were absent in the search model) can be seen
Results to bridge the 20 AÊ gap that separated the planes of
heptamers in the original molecular replacement solu-
Structure Determination tion. The molecular envelope and NCS operators in-
Crystals of Gp31 were grown with the symmetryof space ferred from this map yielded rapid improvements in
group P42212 and one heptamer per asymmetric unit. phase quality when used for iterative 7-fold NCS averag-
It was possible to solve the structure of Gp31 using ing, and the structure determination was routine from
molecular replacement (Navaza, 1994; Collaborative this point forward (Table 1).
Computational Project, 1994) with the GroES heptamer
despite the fact that the search model contained only The Gp31 Structure
68% of the residues that eventually appeared in the The fold of the Gp31 monomer is the same as that of
structure and the occurrence of only 17% sequence GroES (Hunt et al., 1996; Mande et al., 1996; Figure 2B)
identity within the shared regions of structure (Figure
despite the occurrence of only 12 identical residues
2A). However, the SIGMA-A (Read, 1986) weighted elec-
among the 58 residues in the shared structural core
tron density map corresponding to the molecular re-
(Figure 2A), which shows a 1.4 AÊ root mean square (rms)placement solution was not readily interpretable, and
deviation for Ca atoms after least-squares superposi-the model bias in this map was so severe that 7-fold
tion. Four of these 12 residues are also conserved in thenoncrystallographic symmetry (NCS) averaging (Bri-
b-barrel domain of quinone oxidoreductase (Thorn etcogne, 1976) did not improve the electron density, even
al., 1995), which has the same fold as Gp31 and GroESafter attempted rigid-body refinement of the positions
despite the existence of only minimal sequence similar-of the seven individual subunits in X-PLOR (Brunger,
ity (Murzin, 1996). Among these four invariant residues1992b). Therefore, the 65% solvent content of the unit
are two glycines which flank the roof b-hairpin in GroEScell was exploited in an extended density modification
and are universally conserved among co-chaperonins(Cowtan and Main, 1996) sequence (without NCS aver-
(Hunt et al., 1996). Although the length of the polypeptideaging) in order to attempt to overcome the obvious
chain differs in this region in the three structures, a thirdmodel bias in the molecular replacement phases. The
glycine is present in all of them in a b-turn that occursprogram DM (Cowtan and Main, 1996; Collaborative
at a topologically equivalent position between the firstComputational Project, 1994) was run in ``combine-
two invariant glycines. Therefore, the structure of Gp31omit'' mode using alternating cycles of solvent flat-
is consistent with the hypothesis that these glycines aretening/histogram matching and solvent flipping (Abra-
hams and Leslie, 1996) starting with a solvent content topological determinants of theGroES fold (A. G. Murzin,
Cell
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Figure 2. The Structure of Gp31
(A) Crystallographically observed secondary structure in Gp31 and structural alignment of Gp31 with GroES. Red indicates b-strands, blue
indicates a-helices, and green indicates 310-helices. The Greek letters indicate b-turn classification (Wilmot and Thornton, 1990). The shaded
boxes delineate the 58 residues of the shared structural core in Gp31 and GroES. The underlined sequences represent the dynamically
disordered residues of the mobile loop as observed by NMR (Landry et al., 1993, 1996). The residues in Gp31 making van der Waals contacts
in the hydrophobic core of the b-barrel are indicated by asterisks, and the location of the turn in the GroEL-bound conformation of the mobile
loop is indicated by ``t'' (Landry et al., 1996). Vertical boxes indicate positions where identical residues occur in the b-barrel domain of quinone
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personal communication). In every case, the b-turn con- structures flanking the termini of the mobile loops sug-
gests that the increase in the separation between thetaining the central glycine corresponds to a local peak
in the average main-chain B-factor (data not shown), co-chaperonin and GroEL could range from one to four
residues, corresponding to an elevation in the height ofsuggesting that main-chain mobility may contribute to
topology determination. the Anfinsen cage by something between 3 and 12 AÊ .
The lower limit of this estimate applies irrespective ofThere is a 12-residue insertion in the Gp31 monomer
compared with GroES starting after residue Pro82 (Fig- the detailed conformation of the mobile loop in the chap-
eronin complex; the upper limit assumes that there areure 2A); the first part of this segment forms a short
a-helix which makes hydrophobic contacts with the ad- at least three residues of slack at the C-terminus of the
mobile loop in the GroEL/GroES complex, as would bejacent subunit (Figure 2), thereby extending the surface
area of the subunit±subunit interface and potentially lim- the case if the conformation of the mobile loop in the
GroEL-bound state corresponds to that deduced by theiting the plasticity of the Gp31 heptamer compared with
GroES (Hunt et al., 1996). Because of differences in the transferred NOE measurements.
Six of the 7 mobile loops of E. coli GroES were ob-subunit±subunit packing relationships in the two hep-
tamers, the rms deviation for the Ca atoms in the hep- served to be disordered in its crystal structure (Hunt
et al., 1996), while 13 of 14 were observed to be dis-tamers is 2.2 AÊ based on least-squares superposition
of the same residues, giving a 1.4 AÊ rms deviation when ordered in the two heptamers in the asymmetric unit in
the crystal structure of human mitochondrial Dpn10compared on a single-subunit basis.
The roof b-hairpin, which was hypothesized to be (J. F. Hunt, B. J. Scott, L. Henry, J. Guidry, S. J. Landry,
and J. Deisenhofer, unpublished data). In contrast, themeta-stable based on the crystal structure of E. coli
GroES (Hunt et al., 1996) and observedto be dynamically C-terminal half of the mobile loop is observed to be
well ordered in all seven subunits in the Gp31 crystaldisordered in crystallographic (J. F. Hunt, B. J. Scott,
L. Henry, J. Guidry, S. J. Landry, and J. Deisenhofer, structure, with the chain adopting an extended confor-
mation followed by two turns of helix before re-enteringunpublished results) and NMR (S. J. Landry, N. K.
Steede, and K. Maskos, submitted) studies of human the core of the b-barrel (Figures 2 and 3). The 14 mobile
loops from a pair of heptamers related by 2-fold crystal-mitochondrial Dpn10, is deleted entirely in the structure
of Gp31, leaving an orifice at least 16 AÊ in diameter lographic symmetry interdigitate with one another to
form a cage-like structure (Figures 3B and 3C) which isthrough the center of the toroid (Figures 2C and 4A).
held together by a zipper of inorganic phosphate ions
from the crystallization buffer (Figures 1B and 3D). ThisThe Mobile Loop of Gp31
NMR spectroscopy shows that the dynamically disor- constellation of 28 ordered phosphate ions is coordi-
nated by 28 basic residues (Lys39 and Arg40) whichdered mobile loop of Gp31 is 22 residues in length, i.e.,
6 residues longer than that of GroES (Landry et al., 1996). point inward toward the 7-fold symmetry axis. The mo-
bile loop cage spans the 20 AÊ gap, which would other-Transferred nuclear Overhauser effect (NOE) measure-
ments (Landry et al., 1996) indicate that the mobile loops wise separate the bases of two Gp31 toroids, and repre-
sents theonly physical contact between adjacent planesfrom both proteins adopt a b-hairpin conformation when
bound to GroEL with a turn centered at residues of heptamers in the crystal lattice (Figure 1A). Therefore,
formation of the lattice is absolutely dependent on im-21-SAGGI-25 in GroES and residues 31-TESGL-35 in
Gp31 (Figure 2A). Combining this information with the mobilization of all seven dynamically disordered mobile
loops.observed structure of the GroES subunit (Figure 3A), it
can be inferred that there should be approximately five The conformation of the Gp31 mobile loop observed
in the crystal is determined by packing contacts in theresidues of slack in the polypeptide chain at the
C-terminus of the mobile loop of GroES when the crystal lattice and differs in both its detailed structure
and its disposition relative to the Gp31 toroid from theN-terminus is fully extended in the GroEL-bound confor-
mation. The increase in the length of the Gp31 mobile GroEL-bound conformation (Landry et al., 1996; Rose-
man et al., 1996). Nonetheless, the crystal structure ofloop (as defined by NMR) is divided asymmetrically com-
pared with the observed location of the turn in the the Gp31 mobile loop establishes one of the conforma-
tions accessible to this polypeptide segment in freeGroEL-bound conformation, with four additional resi-
dues at the N-terminus but only two additional residues Gp31. Genetic complementation analysis suggests that
the hydrophobic triplet 35-LII-37 in the mobile loop di-at the C-terminus (Figure 2A). The longer mobile loop
of Gp31 will allow an increase in the separation between rectly contacts GroEL in the GroEL/Gp31 complex
(Landry et al., 1993; Georgopoulos et al., 1972; Keppelthe co-chaperonin and GroEL in the chaperonin com-
plex, thereby raising the height of the co-chaperonin lid et al., 1990). This sequence occurs immediately below
the basic residues which coordinate the phosphate con-on the Anfinsen cage. A detailed comparison of the
folds of the Gp31 and GroES b-barrels and the protein stellation, and the side chain of Ile36 points toward the
oxidoreductase which shares the same fold as Gp31/GroES (Murzin, 1996). The numbers at the bottom refer to the sequence of Gp31.
(B) Stereo pair (Kraulis, 1991; Merritt and Murphy, 1994) showing the Ca trace of the Gp31 and GroES monomers after least-squares alignment
of the structural core. Gp31 is shown in light green, except for the mobile loop which is shown in yellow, and GroES is shown in dark purple.
The side-chain of Gln75 is shown for Gp31, while the side-chain of Tyr71 is shown for GroES.
(C) Two orthogonal views of the Gp31 and GroES heptamers (with color coding as in [B]); the single well-ordered copy of the mobile loop
observed in the crystal structure GroES heptamer is also shown in yellow.
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Figure 3. The Mobile Loop
(A) Stereo pair (Kraulis, 1991; Merritt and Murphy, 1994) comparing the experimentally observed conformations of the mobile loops. The
crystallographically observed conformations of the Gp31 mobile loop (yellow backbone with light green atoms) and the GroES mobile loop
(dark purple) are shown in an orientation based on alignment of the structural cores of the respective monomers; a ribbon diagram of the
Gp31 monomer is shown for reference. The conformation of the GroES mobile loop in the GroEL-bound state as deduced from transferred
NOE NMR experiments (Landry et al., 1996) is shown in light blue; this structure is oriented based on least-squares superposition of residues
19-TKS-21 with the crystallographically observed conformation of the same sequence. Ca atoms are shown for the mobile backbone segments
identified by 1H NMR spectroscopy (Landry et al., 1993, 1996), and side-chains are shown for the hydrophobic triplet which mediates binding
to GroEL (35-LII-37 in Gp31 and 25-IVL-27 in GroES). Comparing the structures shown here indicates that there will be a 1±4 residue extension
in the effective reach of the Gp31 mobile loop compared with the GroES mobile loop in the GroEL-bound states (see text).
(B) The mobile loop cage formed by a pair of heptamers related by 2-fold crystallographic symmetry.
(C) A cut-away view of the interior of the mobile loop cage showing four subunits from one heptamer. All of the side-chains exposed in the
interior of the cage are shown (plus the side-chain of Ile37 which is not exposed); basic side-chains are shown in blue (Lys39, Arg40, Arg77),
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center of the mobile loop cage while that of Leu35 is Because there is no in vitro assay for the assembly
of the Gp23 capsid, it isnot possible to test this hypothe-partially exposed in this environment (Figure 3C). In this
orientation, the tentacles of the mobile loop could all sis in a straightforward way at this point in time. There-
fore, alternative explanations for the specialized co-simultaneously make direct hydrophobic contacts with
a non-native polypeptide substrate located under the chaperonin properties of Gp31 remain possible. For
example, given the different chemical and electrostaticorifice of the Gp31 toroid after the release of Gp31 from
GroEL, suggesting that the co-chaperonin could assist characteristics of the interior of the Gp31 toroid com-
pared with the GroES dome, Gp31 could participatethe departure of substrates that have failed to reach the
native state while sequestered in the folding cage. directly in catalyzing the folding of Gp23 (Laemmli et
al., 1970) by interacting with the transition state for the
folding reaction within the Anfinsen cage in a specificDeletion of the Phylogenetically Conserved
Aromatic Ring manner; however, there is no direct experimental sup-
port for such an interaction between Gp31 and Gp23.In E. coli GroES, a tyrosine residue projects into the
cavity beneath the GroES dome from a relatively flexible The presence of the roof b-hairpins covering the top
of the dome, the length of the mobile loop, and thebackbone segment on the bottom of each subunit, con-
stricting the orifice at the base of the dome toa minimum presence of the aromatic ring lining the orifice at the
base of the dome are rigorously conserved in all truediameter of 16 AÊ and making it hydrophobic (Hunt et
al., 1996) (Figure 4). An aromatic residue occurs at an Cpn10 molecules in the course of biological evolution
(Hunt et al., 1996; Koonin and van der Vies, 1995), butequivalent position in all Dpn10 homologs from prokary-
otes and eukaryotes, indicating rigorous phylogenetic all of these structures are changed drastically in Gp31.
The question arises as to what functional constraintsconservation of the hydrophobic character of this region
of the structure (Hunt et al., 1996; Koonin and van der maintain the evolutionary invariance of these structures
in diverse species and organelles. A plausible explana-Vies, 1995). In contrast, a hydrophilic glutamine residue
occurs at the corresponding position in Gp31 (Figures tion for the function of the roof b-hairpin is that it pro-
vides a permeability barrier to solutes under 10 kd in2B and 4A), and the backbone is shortened by one
residue to produce a tight b-turn (Figures 2A and 2B). molecular weight, which would otherwise be able to
diffuse into the protected confines of the Anfinsen cageAs a result, theorifice at thebase of Gp31is substantially
wider than that of GroES, with a minimum diameter of in the GroEL/GroES complex through a 28 AÊ hole in
the roof of GroES; a rigidly ordered structure might be26 AÊ , and it is also uniformly hydrophilic (Figure 4B). The
orifice at the base of the Gp31 toroid would be very disfavored in this location either because it would re-
strict the structural plasticity of the GroES ring or be-intensely hydrophilic if the helical 28 structure observed
in the crystal structure at the C-terminal end of the mo- cause it would limit the volume available to large poly-
peptide substrates for conformational excursion in thebile loop were to persist because Lys39, Arg40, and
Glu44 all point inward toward the 7-fold symmetry axis Anfinsen cage.
The length of the mobile loop could be tuned to opti-in this conformation (Figures 1A and 3C).
mize the size of the Anfinsen cage for the average physi-
ological protein substrate (Horwich et al., 1993; LandryDiscussion
et al., 1993; Hartl, 1996). Lengthening the mobile loop
compared with the optimal size could alter the balanceAt a molecular weight of 56 kd, the Gp23 protein of
bacteriophage T4 is among the largest polypeptides between the encapsulation of productive folding inter-
mediates versus theencapsulation of nonproductive ag-known to employ a co-chaperonin for chaperonin-
assisted protein folding (Viitanen et al., 1992; Horwich gregates which tend to be larger. Furthermore, as the
mobile loop is extended, there will be an expansion inet al., 1993) and it is near the maximum size that is
believed to be possible to accommodate in the Anfinsen the size of the holes between adjacent mobile loops in
the GroEL/GroES complex, potentially providing an-cage under the GroES dome in the GroEL/GroES com-
plex (Ellis, 1994; Roseman et al.,1996; Hartl,1996). Three other route for aggregation-prone species to gain ac-
cess to the Anfinsen cage. Finally, changes in the chainof the structural adaptations of Gp31 tend to increase
the available volume in the Anfinsen cage: the longer entropy of the mobile loop as its length is increased
could modulate the thermodynamics and/or kinetics ofmobile loop, the deletion of the phylogenetically con-
served aromatic residue on the lower rim within the the GroEL/GroES interaction (Landry et al., 1996).
The ring of phylogenetically conserved aromatic resi-dome, and the deletion of the roof b-hairpin covering
the top of the dome (Figures 2C and 4B). Therefore, the dues could plausibly promote an interaction between
GroES and exposed hydrophobic groups on non-nativesimplest explanation for the absolute requirement for
Gp31 for the successful assembly of the Gp23 capsid polypeptide substrates within the Anfinsen cage (Hunt
et al., 1996; Bochkareva and Girshovich, 1992). Thisis that the Gp23 monomer is too large to fit comfortably
within the smaller confines of the Anfinsen cage in the interaction could be supplemented by a direct interac-
tion between the non-native substrate and the hy-GroEL/GroES complex, thereby preventing efficient
chaperonin-assisted folding. drophobic triplet in one or more copies of the mobile
acidic side-chains are shown in red (Glu44), polar side-chains are shown in magenta (Gln75), and hydrophobic side-chains are shown in dark
green.(D) The phosphate zipper in the mobile loop cage. The mobile loops from two subunits in one heptamer and one subunit in the 2-fold
related heptamer are shown. Side-chains are color-coded as in (B), and inorganic phosphate anions are shown in red.
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Figure 4. Cut-away Views of the Cavities in Gp31 and GroES Exposed in the Anfinsen Cage
The mobile loops have not been shown here because they swing outward to contact GroEL in the chaperonin complex (Roseman et al., 1996).
(A) Stereo pair (Kraulis, 1991; Merritt and Murphy, 1994) showing two subunits on opposite sides of the heptamers, color-coded as in Figures
2 and 3. All of the protein side-chains exposed in the interior of the cavities are shown explicitly.
(B) GRASP (Nicholls et al., 1991) images of the interior surfaces of the cavities showing Gp31 on the left (light green backbone) and GroES
on the right (dark purple backbone). The upper images are color-coded according to electrostatic potential with red indicating negative
potential and blue indicating positive potential, and fully saturated colors representing a potential of magnitude $ 5 kT. Only full charges
(counting histidine as 11) are included in the calculation which assumes an ionic strength of 100 mM. The lower images are color-coded
according to hydrophobicity; the surfaces associated with acidic or basic functional groups are colored bright yellow, while the surfaces
associated with all other carbon atoms are colored dark green (and the surfaces associated with the remaining atoms are white).
Experimental Proceduresloop following the release of GroES from the cis ternary
complex. In this manner, GroES could help escort non-
Crystallization and Data Collectionnative polypeptides away from the folding cage, facilitat-
The Gp31 protein was purified as previously described (van der Vies
ing the efficient release of thesespecies that is observed et al., 1994). The initial crystallization condition was discovered using
to accompany the release of GroES from GroEL follow- the sparse matrix screens of S. Sarfaty and W. G. J. Hol (personal
communication). Crystals of Gp31 were grown at 218C by streak-ing ATP hydrolysis in the trans ring of GroEL.
seeding into a pre-equilibrated sitting drop in a vapor diffusion well;The ability of Gp31 tosubstitute functionally for GroES
the dropwas producedby mixing equal volumes of a protein solutionboth in vivo and in vitro indicates that the conservation
at 17 mg/ml in 4 mM diothiothreitol (DTT), 10 mM BES, pH 7.0, and
of these three components is not essential to produce the well solution containing 2 mM DTT, 0.42 M NaH2PO4 , 1.70 M
a minimally competent co-chaperonin. However, this K2HPO4, 29% (v/v) ethylene glycol, and 0.035% (w/v) NaN3. The pH
ability also shows that the available biochemical assays of the well solution was 8.1 based on measurement with a standard
KCl electrode. The seed stock came from crystals produced byare insensitive to the absence of components that must
spontaneous nucleation which occurs when the concentration ofconfer a selective advantage as indicated by their con-
ethylene glycol in the well solution is reduced below 20% (v/v). Aservation in the course of biological evolution. These
crystal was taken directly from the mother liquor and frozen in liquid
observations highlight the difficulty inherent in at- propane prior to low-temperature data collection using the
tempting to understand the details of biological function Princeton CCD detector on beamline F1 at the Cornell High Energy
Synchroton Source. The data were reduced and scaled using thebased on minimally competent systems and structures.
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